1. Introduction {#sec1}
===============

ZnO is a promising semiconductor material with indications for suitability in microelectronic and optoelectronic systems applications such as photodetectors, gas sensors, solar cells, light emitting diodes and many others \[[@bib1]\]. It is characterized by a wide band gap and exciton binding energy of 3.37 eV and 60 meV respectively \[[@bib2],[@bib3]\]. It is easy to synthesize and tailor make into different nanostructures such as nanobelts, nanowires, nanorings, nanoflowers and nanorods using several methods \[[@bib4],[@bib5]\]. Of all the many nanostructures, one dimensional (1D) ZnO nanorods promise to be more suitable for photovoltaic cell applications due to their improved electron transportation efficiency enhanced by a large surface area to volume ratio \[[@bib6],[@bib7]\].

Various techniques commonly categorized under the gas and solution phase methods have been reported for the synthesis of well aligned 1D ZnO nanorods \[[@bib8]\]. Gas phase methods such as metal--organic chemical vapor deposition (MOCVD) \[[@bib9],[@bib10]\], Vapor phase deposition \[[@bib11],[@bib12],[@bib13]\] and pulse laser deposition \[[@bib14]\] among others are very effective at yielding ZnO nanorods of high crystallinity. However high temperatures and complicated costly equipment are required. On the other hand, solution phase method such as CBD are more widely utilized as they require no catalysts and use simple equipment at low temperatures. In addition, CBD is suitable for large scale production of uniform growth of ZnO nanorods on a variety of substrates \[[@bib15]\].

In this study a two-step process is reported, where the ultrasonic spray pyrolysis method was used for deposition of the seed layer as the first step. The second step involved the growth of ZnO nanorods via chemical bath deposition. The seed layer acts as nucleation sites thereby maximizing the lattice matching of the substrate and nanorods ensuring vertical orientation of grown ZnO nanorods \[[@bib16]\]. Various methods have been used for the deposition of the ZnO seed layers which include spray pyrolysis \[[@bib4],[@bib17],[@bib18],[@bib19]\], sputtering \[[@bib20]\], spin coating \[[@bib8],[@bib21]\], dip coating \[[@bib22]\], successive ionic layer adsorption and reaction (SILAR) \[[@bib23]\] among others. Ultrasonic spray pyrolysis is a simple technique offering several advantages which include; low cost, better control of deposition rate and microstructures thickness, moderate deposition temperatures (300--500 °C) and wide coverage of uniform adherent films or nanoparticles \[[@bib24],[@bib25],[@bib26],[@bib27],[@bib28]\]. Few studies have been published on the use of ultrasonic spray pyrolysis for seed layer depositions necessitating further investigations \[[@bib28]\].

The growth mechanism of nanorods using CBD involves two stages, nucleation followed by growth of the particles in a solution. A solution of a mixture of zinc nitrate hexahydrate and hexamethylenetetramine or hexamine in de-ionized water is often used for the growth of ZnO nanorods by CBD. In most cases, hexamethylenetetramine or hexamine is used as a base to act as a pH buffer to control the solution pH to around 6--7 for the supply of hydroxyl (OH^−^) ions \[[@bib29]\]. Zinc nitrate hexahydrate is responsible for the production of Zn^2+^ ions while the de-ionized water provides O^2-^ ions for the formation of ZnO \[[@bib30],[@bib31]\]. ZnO with a hexagonal wurtzite structure consists of polar face of the 002 plane and the non-polar faces of 100 and 101 plane. The polar face is responsible for the faster growth of the crystal along the c-axis. This is due to the less thermodynamic stable surface dipoles of the polar faces compared to that of non-polar faces \[[@bib32]\]. The zinc hydroxyl (Zn (OH)~2~) and (hydroxyl (OH^−^) ions are adsorbed by the polar faces as building blocks during the growth process \[[@bib4]\]. The effects of chemical bath deposition parameters such as solution concentration, reaction time and temperature on the orientation, shape and size of ZnO nanorods have been extensively studied \[[@bib4]\]. However, most studies focused on one parameter instead of investigating various deposition parameters \[[@bib20]\]. In this study the influence of several chemical bath deposition parameters, namely precursor concentration, bath temperature and growth time on the morphology, structural, optical and vibrational properties of ZnO nanorods is reported.

2. Experimental details {#sec2}
=======================

2.1. Preparation of ZnO seed layer {#sec2.1}
----------------------------------

Ultrasonic spray pyrolysis was used to deposit ZnO seed layers on cleaned glass substrates. The substrates were washed by agitation in acetone, followed by ethanol and de-ionized water for half an hour each in sequence. They were finally blown by nitrogen gas for drying. A solution was then prepared by ultrasonically dissolving 0.15 M of Zinc acetate dihydrate Zn (CH~3~COO)~2~).2H~2~O in 50 ml mixture of ethanol and di-ionized water. The optimized volume ratio of ethanol to di-ionized water used was 1:3 \[[@bib33]\]. The prepared solution was then atomized using an ultrasonic nebulizer and delivered to the target substrate by compressed air. The air flow rate and nozzle-substrate distance were maintained at 4.5 L/min and 1.5 cm respectively. The substrate was heated and kept at 400 °C on a hot plate and monitored by a K-type thermocouple. The precursor solution was continuously sprayed on the substrate for 10 min \[[@bib4],[@bib18],[@bib34]\]. After the deposition process, each sample was left to dry on the hot plate for 5 min \[[@bib4],[@bib35]\]. The samples were then allowed to cool at room temperature. The chemical reactions involved in the deposition of the ZnO seed layers are given by the following equations:

2.2. Growth of ZnO nanorods {#sec2.2}
---------------------------

A solution for growing ZnO nanorods was made by mixing equal molar concentrations of zinc nitrate hexahydrate (Zn (NO~3~)~2~.6H~2~O) and hexamethylenetetramine (HMTA, C~6~H~12~N~4~). The two chemicals were dissolved in 100 ml volume of di-ionized water under stirring. Zinc nitrate hexahydrate is responsible for supplying Zn^2+^ for the formation of ZnO nanorods. HMTA hydrolyses in water yielding formaldehyde (HCHO) and ammonia (NH~3~). NH~3~ then dissolves in water (H~2~O) resulting in ammonium (NH^+^~4~) and hydroxyl (OH^−^) ions. OH^−^ reacts with Zn^2+^ producing Zinc hydroxide Zn (OH)~2~. Finally, the Zn (OH)~2~ decomposes into ZnO and water. The chemical reactions leading to a product of ZnO nanorod are given by Eqs. [(5)](#fd5){ref-type="disp-formula"}, [(6)](#fd6){ref-type="disp-formula"}, [(7)](#fd7){ref-type="disp-formula"}, [(8)](#fd8){ref-type="disp-formula"}, and [(9)](#fd9){ref-type="disp-formula"} \[[@bib36],[@bib37]\].

The seeded substrates are then vertically suspended in the prepared solution kept at a specific temperature for a certain time. Solution temperatures were increased from 60 °C to 90 °C while the solution concentration was varied from 10 mM to 30 mM. The growth of nanorods was done in times ranging from 1.5 h to 3.0 h. The samples were then rinsed with di-ionized water and blown dry using nitrogen gas. Subsequently, a hot plate was used to anneal all the samples at 400 °C for 60 min. Annealing the samples improves the crystallinity, minimize structural defects and remove organic ligands resulting from the growth solution \[[@bib38],[@bib39],[@bib40]\].

3. Characterization {#sec3}
===================

KLA Tencor D-100 Surface profiler was used to measure the thickness of the ZnO seed layer. The structure and orientation of the ZnO nanorods was revealed by X-ray diffractometer (XRD, D8 Advance, Bruker, Germany). Surface morphologies of the nanostructures were investigated using field emission scanning electron microscopy (FE-SEM, JEOL JSM-7100F). A Varian Cary 500 Scan UV/Vis/NIR Spectrophotometer was used to study the optical transmittance of the ZnO nanorods. Raman spectroscopy studies were done using Horiba-Jobin Yvon Raman Spectrometer (Lab RAM HR Evolution).

4. Results and discussions {#sec4}
==========================

4.1. ZnO seed layer morphology {#sec4.1}
------------------------------

SEM micrograph depicting the surface morphology of ZnO seed layer deposited by ultrasonic spray pyrolysis for 10 min is presented in [Figure 1](#fig1){ref-type="fig"}. The SEM image show spherically shaped particles with uniform size, compactness and density. The particles are clustered together and uniformly distributed suggesting that the nucleation was homogeneous during the seed layer deposition across the substrate. The seed layer thickness measured by KLA Tencor D-100 Surface profiler was found to be approximately 10 nm.Figure 1Top-view SEM image of ZnO seed layer deposited by ultrasonic spray pyrolysis.Figure 1

4.2. Growth time effect {#sec4.2}
-----------------------

[Figure 2](#fig2){ref-type="fig"} shows the top and the cross-sectional appearances (insert) of ZnO nanorods grown from a solution made up of 25 mM concentrations of both Zn (NO~3~)~2~.6H~2~O and HMTA kept at 90 °C while changing the time from 1.5 h to 3.0 h. Statistical distribution of the ZnO nanorods size was determined by randomly measuring from the captured SEM images. Histograms of nanorods diameter distribution with variation of growth time appear as insets in [Figure 2](#fig2){ref-type="fig"}. It was observed that the statistics of the nanorods diameter is affected by the growth time. A marginal increase of the average diameter of the nanorods was noted ranging from 60 nm - 80 nm. It was also seen that increasing the growth time from 1.5 h to 3.0 h resulted in an increase in the nanorods average length from 500 nm for 1.5 h to 800 nm for 3 h. This is an indication of a rise in the length to diameter ratio of the nanorods. The axial growth was preferred more as compared to the lateral growth when the growth time was increased as observed from other studies \[[@bib20],[@bib41],[@bib42],[@bib43]\].Figure 2Top-view and cross-sectional view (insert) SEM images of ZnO nanorods grown for (a) 1.5 h; (b) 2h; (c) 2.5 h; (d) 3.0 h. The insert of the histograms in each image correspond to the diameter distribution of the grown nanorods.Figure 2

Long growth periods have been noticed to cause predominant growth along the c-axis of the polar direction (001) as compared to the non-polar faces \[[@bib31],[@bib42]\]. Most of the ZnO nanorods appear to get tilted as their lengths increase with growth time hence affecting the vertical alignment. As such shorter growth times are preferred for ZnO nanorods fabrication. The best growth time was 2 h as most nanorods were still vertically arranged with high aspect ratio for this study.

[Figure 3 (a)](#fig3){ref-type="fig"} illustrates the XRD diffractograms of ZnO nanorods grown for 1.5 h--3 h at 90 °C. The nanorods revealed a wurtzite structured ZnO with the 002 peaks at 2θ = 34.41° being dominant indicating the preferred growth along the c-axis. The 002-peak intensified as the growth time changed from 1.5 to 3 h suggesting an improvement in the crystallinity of the nanorods. Similar behaviour was observed in other studies \[[@bib44],[@bib45],[@bib46]\]. Additional weak diffraction peaks for (100) (101) (102) and (103) are observed at 31.76°, 36.25°, 47.57° and 62.96° corresponding to the hexagonal ZnO phase. The presence of the additional peaks indicate the presence of randomly oriented nanorods \[[@bib47]\]. All the peaks detected were matching with the standard bulk ZnO (COD 10 11 258) patterns. The mean crystalline sizes (D), strain (ε) and stress (σ) of ZnO nanorods were calculated using the following formulas \[[@bib48],[@bib49],[@bib50],[@bib51]\]:$$D = \frac{0.9ƛ}{\beta cos\theta}$$$$\varepsilon_{zz} = \frac{c - c_{o}}{c_{o}}$$$$\sigma = - 232.8\frac{c - c_{o}}{c_{o}}\text{~~}$$where θ is Bragg\'s diffraction angle, β is Full Width at Half Maximum (FWHM), ƛ is the X-ray wavelength (1.5418 Å), c is the lattice parameter of the strained ZnO from the XRD and c~o~ is the lattice parameter of the unstrained bulk ZnO (COD 10 11 258).Figure 3(a) XRD diffractograms; (b) FWHM and crystallite size graph; (c) Optical transmittance spectra; (d) Raman spectra of ZnO nanorods fabricated for 1.5 h--3.0 h.Figure 3

[Figure 3 (b)](#fig3){ref-type="fig"} shows a plot of the variation of the FWHM and crystallite sizes as the growth time was varied from 1.5 h to 3.0 h. The FWHM value decreased while the crystallite size increased indicating crystallinity improvement. The strain equation indicates that when the stress is positive, then the sample is under tensile stress, and when the stress is negative then the sample is under compressive stress \[[@bib52]\]. Tensile strain of the nanorods gradually decreased with increased growth time from 1.5 h to 3.0 h. The ZnO nanorods also had compressive stress reducing with growth time. Similar trends of stress and strain with growth duration were observed from other studies \[[@bib53],[@bib54]\]. Optical transmittance spectra of ZnO nanorods fabricated under variation of growth time from 1.5 h to 3 h are shown in [Figure 3 (c)](#fig3){ref-type="fig"}. An average of 50--60 % light transmittance was revealed by the nanorods within the visible range. For all the samples the absorption band edges were noticed at around 370--380 nm. The transmittance of the nanorods decreased as the growth time increased. This might have been contributed by increased light scattering effect of the long tilted ZnO nanorods with prolonged growth periods. The transmittance for wavelengths ranging about 300--380 nm for the 1.5 h growth run appears to suggest that nanorods grown for shorter times are not very well networked. The optical band gaps of the nanorods were estimated using the wavelength of the peak corresponding to the absorption band edge obtained from the derivative plot using the following equation:$$\text{E}_{\text{g}} = \frac{\text{hc}}{\text{λ}}$$where E~g~ is the band gap energy, h is planks constant (6.626 × 10^−34^ J s), c is the speed of light (3.0 × 10^8^ m/s) and λ is the wavelength (m) of the peak corresponding to the absorption edge. The band gap energies of the ZnO nanorods as the growth time was varied are listed in [Table 1](#tbl1){ref-type="table"}. The values are lower than the 3.37 eV of the standard bulk ZnO. This is mainly due to optical confinement effect of the ZnO nanorods \[[@bib55]\]. The band gap energies decreased as the growth time increased from 1.5 to 3 h \[[@bib56],[@bib57]\]. Crystallite size, stress, strain, oxygen vacancies and carrier concentration are factors that affect the optical band gap energy \[[@bib58]\]. From the XRD results obtained the increasing crystallite size, negative stress and positive strain of the nanorods as growth time increased lead to a decrease of the band gap energy.Table 1Variation of the length, diameter, structural parameters and optical band gap of the nanorods as the growth time increases.Table 1Growth time (*hrs*)Average length of the nanorods (*nm*)Average diameter of the nanorods (*nm*)Crystalline size (nm)Strain, ε (%) x 10-3Stress, σ (GPa)Optical band gap (*eV*)1.5400 ± 2760 ± 1263.10.977-0.2283.302.0690 ± 4567 ± 1063.70.900-0.2103.282.5710 ± 4770 ± 1165.00.888-0.2073.253.0800 ± 5980 ± 2369.30.635-0.1483.25

[Figure 3 (d)](#fig3){ref-type="fig"} shows Raman patterns of nanorods grown from a bath solution at 90 °C for 1.5 h--3 h. In the case of wurtzite structured ZnO with two formula units per primitive cell, 8 phonon modes are present. According to the group theory, the phonon modes observable at the Γ point of the Brillouin zone are \[[@bib59]\]:$$\text{Γ} = 1\text{A}_{1} + 2\text{B}_{1} + 1\text{E}_{1} + 2\text{E}_{2}$$

Among these modes, A~1~and E~1~ are both Raman and infrared active while 2E~2~ modes are only Raman active. and The 2B~1~ are silent modes. Both the A~1~ and E~1~ modes divide into longitudinal optical (LO) and transverse optical (TO) phonons \[[@bib59],[@bib60]\]. A~1~ (TO), E~1~ (TO), A~1~ (LO) and E~1~ (LO) modes are related to the impurities and defects such as dopants, Zn interstitials and Oxygen vacancies or their complexes. 2E~2~ modes branch into low and high frequencies. The high frequency modes (E~2~ (high)) are associated with the vibration of oxygen atoms while the low frequency modes (E~2~ (low)) are related to the vibration of the Zn sublattice. The E~2~ modes are non-polar because the ions in each sublattice move in opposite directions leading to zero net polarization \[[@bib61]\].

All the nanorods showed Raman peaks at 98 cm^−1^, 330 cm^−1^, 378 cm^−1^ and 437 cm^−1^ corresponding to wurtzite structured ZnO. The intensity of the peaks increased with variation of growth time confirming improvement of the crystallinity of the nanorods corroborating with results obtained from the XRD studies. The dominant peaks seen at 98 cm^−1^ and 437 cm^−1^ corresponds to the Raman active E~2~ (low) and E~2~ (high) modes belonging to ZnO respectively. Additional weak peaks were noticed at 330 cm^−1^ and 378 cm^−1^ associated with combined phonon mode of E~2~ (high)- E~2~ (low) and A~1~ (TO) respectively characteristic to wurtzite ZnO. The peaks observed from all the samples red shifted by 1 cm^−1^ to lower frequencies. The high intensity peak of E~2~ (high) is sensitive to the strain hence it is mostly used for analysis. The Raman shifting of the E~2~ (high) suggests that the nanorods are under tensile strain concurring with the XRD analysis results.

4.3. Solution temperature effect {#sec4.3}
--------------------------------

[Figure 4](#fig4){ref-type="fig"} shows SEM images of ZnO nanorods grown with variation of solution temperature from 60 °C to 90 °C for 2 h. The compactness and aspect ratios of the nanorods tend to vary as the bath temperature increased from 60 °C to 90 °C. As the temperature increased, the compactness of the nanorods decreased due to faster axial growth rate at higher temperatures. The variation of the average length and diameter of the nanorods were recorded in [Table 2](#tbl2){ref-type="table"}. The histograms (insert) of nanorods diameter distribution are also shown in [Figure 4](#fig4){ref-type="fig"}. It was noted that the nanorods diameter distribution ranged between 100 nm and 190 nm with temperature variation. The average diameter of the grown nanorods increased from 129 nm to 143 nm as the temperature increased. On the other hand, the length increased from 400 nm to 700 nm as the temperature increased. It was also confirmed that indeed at temperatures as low as 60 °C, the growth of ZnO nanorods by CBD occurs. This agrees with the previous studies \[[@bib6],[@bib62],[@bib63],[@bib64]\]. At higher temperatures, the axial growth is favored more than the lateral growth due to improved reaction kinetics leading to fast precipitation of ZnO hence an increase in the length to diameter ratio of the nanorods \[[@bib65]\]. As such, the optimum bath temperature for the growth of nanorods was found to be 90 °C.Figure 4Top-view and cross-sectional view (insert) SEM images of ZnO nanorods grown at (a) 60 °C; (b) 70 °C; (c) 80 °C; (d) 90 °C. Histogram inserts in each SEM image represent nanorods diameter distribution.Figure 4Table 2Variation of the length, diameter, structural parameters and optical band gaps of the grown ZnO nanorods at different temperatures.Table 2Growth Temperature (*°C)*Average length of the nanorods (*nm*)Average diameter of the nanorods (*nm*)Crystalline size (nm)Strain, ε (%) x 10^−3^Stress, σ (GPa)Optical band gap (*eV*)60400 ± 26129 ± 1761.31.465-0.3413.3070657 ± 50135 ± 2065.31.542-0.3593.2980671 ± 51135 ± 2065.51.573-0.3663.2990700 ± 64143 ± 2567.51.615-0.3763.29

[Figure 5 (a)](#fig5){ref-type="fig"} shows XRD patterns of ZnO nanorods grown for 2 h at 60 °C--90 °C. The XRD diffractograms of all the samples was noticed to be having a dominant peak of 002 plane at 2θ = 34.4° belonging to the hexagonal structured ZnO. The 002 peak intensity increased as the bath temperature was increased from 60 °C to 90 °C indicative of the enhancement of the crystallinity of the nanorods. The present weak peaks of 103 plane at 62.9° seen as the temperature increased belongs to the ZnO. All the peaks revealed by the XRD are characteristic to hexagonal wurtzite ZnO and agree with pure bulk ZnO pattern (COD 10 11 258). The trend of the crystallite size and FWHM value calculated from [Eq. (6)](#fd6){ref-type="disp-formula"} using the 002 peak as the solution temperature varied from 60 °C to 90 °C is shown in [Figure 5 (b)](#fig5){ref-type="fig"}. The crystalline size increases with a decrease of the FWHM suggesting enhanced crystallinity as the bath temperature increased. The strain on the nanorods was considered using [Eq. (11)](#fd11){ref-type="disp-formula"}. The positive values obtained suggests that the nanorods are under tensile strain. [Eq. (12)](#fd12){ref-type="disp-formula"} was used to determine the stress possessed by the nanorods. The nanorods were under compressive stress as the values found were negative. Both values of strain and stress along the c-axis increased as the temperature increases.Figure 5(a) XRD diffractograms; (b) FWHM and crystalline size graph; (c) Optical transmittance spectra; (d) Raman spectra of ZnO nanorods fabricated at 60 °C--90 °C.Figure 5

[Figure 5 (c)](#fig5){ref-type="fig"} shows optical transmittance spectra of ZnO nanorods prepared while varying growth temperature 60 °C--90 °C. An optical transmittance of 65--75 % was shown by the nanorods in the visible range. The absorption edges were found at around 378 nm. Light transmittance by the nanorods declined as the growth temperature was varied from 60 °C to 90 °C. This is probably due to the increase in the length of the nanorods resulting in enhanced light scattering effect. The values of the band gaps were obtained using the maximum wavelength from the derivative plot and were presented in [Table 2](#tbl2){ref-type="table"}. The values slightly decreased from 3.30 eV to 3.29 eV as the temperature increased from 60 °C to 70 °C, and remained constant as temperature was increased to 90 °C. The band gap values exhibit a red shift relative to 3.37 eV of bulk ZnO related to the quantum confinement effect of the synthesized nanorods \[[@bib55]\]. A similar trend was observed from other studies \[[@bib66]\]. Contrary to our results, the band gap energy obtained from absorbance spectra increased as the temperature increased from 70 °C to 90 °C due to quantum confinement effect \[[@bib67]\].

[Figure 5 (d)](#fig5){ref-type="fig"} shows Raman patterns of ZnO nanorods fabricated for 2 h at different bath temperatures. Raman peaks detected at 98 cm^−1^, 330 cm^−1^, 378 cm^−1^ and 437 cm^−1^ belong to wurtzite structured ZnO. The dominant peaks observed at 98 cm^−1^ and 438 cm^−1^ correspond to the Raman active E~2~ (low) and E~2~ (high) modes respectively belonging to ZnO. Additional weak peaks were seen at 331 cm^−1^ and 379 cm^−1^ associated with combined phonon mode of E~2~ (high)- E~2~ (low) and A~1~ (TO) respectively, all presenting wurtzite structured ZnO. The peak strength intensified as the growth time increased confirming improvement of the crystallinity of the nanorods corroborating with the XRD results. On the other hand, it is also noted that the position of the peaks from all the samples shifted to lower frequency values when compared to the standard ZnO Raman spectrum. According to other studies, E~2~ (high) peak shift arise due to strain \[[@bib68],[@bib69]\]. The red shifting of the Raman peaks indicates that the nanorods are under the tensile strain in agreement with the XRD data analysis.

4.4. Solution concentration effect {#sec4.4}
----------------------------------

[Figure 6](#fig6){ref-type="fig"} shows SEM images of ZnO nanorods grown from variation of solution concentrations of Zn (NO~3~)~2~.6H~2~O and HMTA with temperature kept at 90 °C for 2 h. The length and diameter of the nanorods changed as the concentration of the solutions was varied from 10 mM to 30 mM as indicated in [Table 3](#tbl3){ref-type="table"}. Statistical counting of the nanorods diameter distribution was performed from the images and histograms were plotted as shown in [Figure 6](#fig6){ref-type="fig"}. The nanorods diameter and distribution is dependent on the concentration as shown in the inserts. The mean diameter continuously increased from 43 nm to 101 nm with variation of solution concentration from 10 mM to 30 mM. On the other hand, as the solution concentration was varied from 10 mM to 25 mM, a significant increase in the average length of the nanorods 519 nm--609 nm was observed. As the concentration increased, the nanorods became thicker due to higher degree of supersaturation. This increase in the mean diameter of the nanorods led to decreased nanorods array density \[[@bib64]\]. It was also observed that at lower concentration, the nanorods were disorientated. Similar results were obtained in previous works, observing an increase in the aspect ratio of the nanorods as the concentration increased \[[@bib62],[@bib70],[@bib71],[@bib72]\]. The optimum precursor concentration was found to be 25 mM associated with nanorods of high aspect ratio and vertical alignment.Figure 6Top-view and cross-sectional view (insert) SEM images and diameter distribution histogram (insert) of ZnO nanorods fabricated from solutions of (a) 10 mM; (b) 15 mM; (c) 25 mM; (d) 30 mM of Zn (NO~3~)~2~.6H~2~O and HMTA.Figure 6Table 3Length, diameter, structural parameters and optical band gap of the nanorods with variation of concentration.Table 3Concentration (mM)Average length of the nanorods (nm)Average diameter of the nanorods (nm)Crystalline size (nm)Strain, ε (%) X 10-3Stress, σ (GPa)Optical band gap (eV)10519 ± 4643 ± 1059.61.019-0.2373.3115521 ± 4770 ± 1961.51.335-0.3113.3125609 ± 5172 ± 2164.51.412-0.3293.3030425 ± 25101 ± 965.21.715-0.3403.29

[Figure 7 (a)](#fig7){ref-type="fig"} shows XRD patterns of ZnO nanorods fabricated at 90 °C for 2 h while varying growth solution concentrations. The XRD revealed peaks belonging to ZnO concurring with the standard pattern of bulk ZnO (COD 10 11 258). A high intensity 002 peak at 34.4° was observed from all the samples exhibiting the hexagonal ZnO phase. The intensity of the peak improved as the concentration was changed from 10 mM to 25 mM indicating the enhancement of the crystallinity of the grown nanorods. This is due to the polar face of the 002 plane with a faster growth rate than other faces \[[@bib32]\]. There is consistency with the SEM results where most vertically aligned nanorods were observed from solution concentrations of 10 mM--25 mM. However, a slight decrease of the peak intensity was observed with further increment of concentration to 30mM as a result of the low nanorods array density. Additional weak peaks of the 100, 101, 102 and 103 planes at 31.7°, 36.2°, 47.5° and 62.9° were also observed from the samples belonging to the ZnO phase. [Figure 7 (b)](#fig7){ref-type="fig"} shows plots of the increase in crystalline size and decrease in FWHM as the concentration increased. These indicate crystallinity improvement of the nanorods.Figure 7(a) XRD diffractograms; (b) FWHM and crystallite size graph; (c) Optical transmittance spectra; and (d) Raman spectra of ZnO nanorods grown from equal concentration (10mM -30 mM) of zinc nitrate hexahydrate and hexamethylenetetramine.Figure 7

The strain and stress in the nanorods along the c-axis were found using Eqs. [(11)](#fd11){ref-type="disp-formula"} and [(12)](#fd12){ref-type="disp-formula"} respectively. The values obtained indicated that the nanorods are under tensile strain and compressive stress which may have caused relatively larger c lattice constants. As the concentration increased, both strain and stress of the grown nanorods increased. [Figure 7 (c)](#fig7){ref-type="fig"} illustrates the optical transmittance spectra of ZnO nanorods in solutions of various concentrations. All the samples transmitted 60--70 % of the light within the visible range. The absorption band edges were noticed at around 370nm. The transparency of the nanorods decreased as the precursor concentration varied from 10 mM to 30 mM probably due to the increase in the diameter of the nanorods as shown by the images captured by SEM. The band gap values are slightly lower than the 3.37 eV of the standard bulk ZnO. The band gap values decreased as the concentration was increased as shown in [Table 3](#tbl3){ref-type="table"}. The shift of the band gap values from 3.29 eV to 3.31 eV is attributed by stress, strain, oxygen vacancies and carrier concentration \[[@bib58]\].

[Figure 7 (d)](#fig7){ref-type="fig"} displays Raman spectra of ZnO nanorods grown from variation solutions concentrations. Raman peaks noticed at 98 cm^−1^, 330 cm^−1^, 378 cm^−1^ and 437 cm^−1^ belongs to wurtzite structured ZnO. The intensity of the peaks increased as the growth period increased confirming improvement of the crystallinity of the nanorods corroborating with the XRD results. Strong peaks observed at 98 cm^−1^ and 437 cm^−1^ corresponds to the Raman active E~2~ (low) and E~2~ (high) modes belonging to ZnO respectively. The domination of these modes confirm the good crystallinity of the samples \[[@bib56],[@bib73],[@bib74],[@bib75]\]. Weak peaks associated with combined phonon mode of E~2~ (high)- E~2~ (low) and A~1~ (TO) were revealed at 330 cm^−1^ and 378 cm^−1^ respectively characteristic to wurtzite ZnO. The position of the peaks red shifted slightly to lower frequencies indicating that the nanostructures are under tensile strain. The Raman results agree with the XRD and UV/Vis data analysis.

5. Conclusion {#sec5}
=============

CBD method was used successfully to grow ZnO nanorods on glass substrates seeded with ZnO nanoparticles prepared by ultrasonic spray pyrolysis. The influence of CBD growth parameters: growth time, temperature and precursor concentration on the nanorods morphology, structural, optical and vibrational properties were investigated. The length and diameter of the nanorods were observed to increase as the growth time, temperature and precursor concentration increased. The nanorods revealed wurtzite structure of ZnO with a dominant 002 peak. The dominant peaks observed at 98 cm^−1^ and 437 cm^−1^ representing the Raman active E~2~ (low) and E~2~ (high) modes belonging to ZnO with wurtzite structure respectively were observed from the Raman spectra. The nanorods transmitted 60--70 % of light within the visible range. The optimum growth conditions were; a precursor concentration of 25 mM, temperature of 90 °C and growth time of 2 h characterized with nanorods of high aspect ratio and vertical alignment. The controllability of the properties of ZnO nanorods by variation of growth parameters allow their application in photovoltaic cells as electron transporters.
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